In many experiments, it has been reported that the performance of solar cells decreases with increasing temperature. This effect arises due to an increase in the intrinsic carrier concentration of material that directly affects the reverse saturation currents (J 0 ). As a result, the open circuit voltage which is inversely proportional to J 0 will decrease quite rapidly with increasing temperature. The intrinsic carrier concentration is determined by the bandgap energy of a material and its temperature. The Varshni relationship is a relation for the variation of the bandgap energy with temperature in semiconductors that has been used extensively in the model of a solar cell performance. But the problem is the Varshni relation just calculates the contribution of the vibrational part at the temperature, which is much greater than the Debye temperature. These works proposed a model of temperature dependence of solar cell performance that involves phonon energy correction and electron-phonon coupling interaction. This correction is applied because the electron-phonon coupling interaction is an intrinsic interaction of semiconductors. The existence of interaction cannot be avoided either experimentally or theoretically. The proposed model is compared with experimental data, which have fairly high accuracy.
INTRODUCTION
Being concerned about the limited sources and pollution effects of fossil fuels, various countries all over the world have been developing renewable energy sources [1] , [2] . The use of solar cells, which are devices that can directly convert sunlight into electrical energy, provides huge potential in both economic and environmental benefits [3] . In addition, the solar cell systems also provide easy installation so that they can be used to supply electricity for people who do not have access to the main electrical source [4] .
Reliability is one of the important factors in the selection of solar cells besides their efficiency [5] . Solar cells that cannot survive in extreme environmental conditions will have an impact on increased maintenance costs that will increase the electricity price. There are several environmental factors that affect the performance of solar cells such as dust [6] , humidity [7] and temperature [8] . However, the temperature is the most important factor because in terrestrial application, solar cells are generally exposed to temperature ranging from 15 °C to 50 °C. In addition, the use of solar cells has covered a wider field such as space and concentrator systems that have higher temperatures [9] .
Many studies have reported that the performance of solar cells decreases as temperature increases. The performance of solar cells is expressed by the characteristics of short circuit current density (J SC ), open circuit voltage (V OC ), fill factor (FF) and efficiency (η). Some solar cell models state that the working of solar cells is equivalent to a series of combinations of current sources (which are generated by light) with a diode [10] . Therefore, the value of solar cell performance parameters is related to a diode parameter. Some diode parameters of a solar cell are reverse saturation current density (J O ) and an ideal factor, which is related to the resistance. It has been shown that the V OC has decreased with temperature even though J SC has slightly improved. The temperature rise also causes a decrease in FF and η due to the significance of V OC change to temperature. Many cases have reported that the temperature is not significant in changing the resistance but J O is exponentially dependent on temperature [9] , [10] .
The temperature dependence of J O arises from the relation between the saturation current density and the bandgap of a material. In literature, it is stated that parameter J O contains the intrinsic carrier concentration variable of the semiconductor material n i , i.e [11, 9] ., (1) where q is the elementary charge, D P and D n are the diffusion coefficients of holes and electrons, N A and N D are acceptor and donor constants, and τ P and τ n are the lifetime carriers of holes and electrons. Then n i is expressed as a variable that depends on the band gap as [9] (2)
where T is temperature, It has been reported that the energy of the semiconductor bandgap depends on temperature [12] - [14] . Higher temperature reduces its bandgap. Varshni proposes a formula that is often used to describe the dependence of the semiconductor bandgap on the temperature in a non-linear relation [12] (3)
where Eg(0) is a bandgap energy at T ≈ 0 K, and α and β are characteristic fitting parameters that depend on material type. This relation is also often used to describe the performance of solar cell that depends on temperature [8] , [9] . In Varshni's model it is stated that the variation of bandgap energy with temperature is generated by two mechanisms: (1) a shift in the relative position of the conduction band and the valence band due to the dependence of lattice dilatation to temperature, and (2) the relative positioning of the conduction band and valence due to the dependence of the electron lattice interaction. Although the Varshni relation provides a good relationship on the bandgap energy (especially in the III-V and II-VI semiconductors), it cannot be generally applicable. The Varshni relation just calculates the vibrational parts at temperature, which is much higher than the Debye temperature. As an example, chalcopyrite compound is incompatible with Varshni relation [14] .
Around the 1990s, O'Dennell and Chen proposed a model of the relationship between the bandgap energy and the temperature that involved the intrinsic interaction of a semiconductor called the electron-phonon interaction [14] . Through the relations which were formulated on the vibronic-based model, O'Dennell and Chen provided better correction of the bandgap energy-temperature relationship. In addition, they also calculated the thermodynamic functions, such as Gibbs energy, enthalpy and entropy from the electron-hole pair formation in semiconductors. Therefore, to improve the calculation of solar cell performance as a function of temperature and to eliminate the effect of β constants that may be unphysical, in this paper we propose a new model involving electron-phonon interaction. Experimental data verify the accuracy of the model.
MODELLING
When a solar cell is illuminated, only the photons having energy higher than the bandgap energy (E g ) can excite electrons and create electron-hole pairs. O'Dennell and Chen [14] proposed the model of the bandgap-temperature relations (4) where S is the coupling constant and ω  is the average phonon energy. Figure 1 shows the comparison between the Varshni relationship and the bandgap-temperature relationship based on phonon energy correction for the GaAs and Si semicon-ductors. In this case, Si semiconductors have higher bandgap compared to GaAs. Based on comparison with experimental data, it appears that the phonon energy correction gives better results than Varshni relationship. In this model, it is clear that the semiconductor bandgap decreases with increasing temperature. For a simple overview, an equivalent circuit of an ideal solar cell is the combination of a current source (the current generated by light) and a diode as shown in Fig. 2(a) . The solar cell behaves similarly to diodes and its electrical characteristics are represented by the voltage-current density (current) curve (J-V curve) as shown in Fig. 2(b) . The J-V curve characteristics of p-n junction solar cells under steady state illumination can be summarised in the exponential model, (5) where J L represents current density, V is the terminal voltage (developed across the junction voltage) and A is the ideal factor of the diode. This paper ignores the resistance of system because temperature changes do not change the resistance in the circuit significantly. On the J-V curve it is possible to determine several variables related to solar cell performance such as J SC , V OC , P max , FF, and efficiency. J SC is a variable that represents the short circuit current density that is the maximum value of the current density that occurs when the solar cell voltage is zero. V OC is the open circuit voltage which is the maximum voltage when the current is zero. P max is the maximum power produced by a solar cell with a value determined by the maximum J-V variables. The FF or fill factor is a variable associated with the ratio of P max with the multiplication of V OC and J SC (6) Therefore, the efficiency of solar cell can be defined as ratio of P max to input power (7) According to Eq. (5), it is stated that the V OC is given by (8) where q is the charge of electrons. Basically, J 0 is a measure of the leakage or recombination of the minor carrier passing through the p-n junction in a reverse bias condition. Through Eqs. (1) and (2), the relationship between J 0 and temperature can be expressed by the relationship (9) where C is an empirical parameter that depends on the type of material and doping. The m is an empirical parameter that depends on the quality of material cells and junctions, for high purity monocrystalline material the m value is one. In [9] , it is also stated that C is a constant that relates to the atom density of donor and acceptor, the diffusion constant of the minority carriers in regions p and n, the diffusion length of the minority carriers, the electron and hole masses, and the densities of conditions in the conduction band and valence. Nevertheless, through the expression in Eq. (9), it can be seen that the bandgap is inversely proportional to the saturation current density. Hence, substituting Eq. (9) with Eq. (4) and Eq. (8) lead produces the relation between temperature with V OC (10) The current density of J SC is a variable that depends on the spectral irradiation of sunlight and in experimental experience the value of J SC can be limited by reflection losses, electrical resistance losses, shadowing losses and recombination losses [9] . Basically, the formula of the J SC is very complex, i.e.,
where Nph is the photon density; and ν is the frequency of the photon, to obtain J SC value and its derivative to the temperature explicitly, numerical analysis is used. Experiments regarding the determination of J SC values for different types of solar cell materials have been reported by Green [16] for measurements under the AM 1.5G spectrum, while Wysocki and Rappaport [17] -for measurements under the AM 0G spectrum. The results show that it is safe to say that in general the AM 0G spectrum can produce J SC higher than the AM 1.5 G spectrum for different types of solar cell materials such as Si, GaAs, CdTe, Ge, InP, and CdS [9] . Based on the definition described above, the temperature dependence of V OC can be obtained through the relationship (11) and the relationship between the dependence of the saturation current density J 0 and the temperature can be expressed as (12) According to [15] , the definition of fill factor in Eq. (6) is modified as follows: (13) where F and G are the parameters that arise from the relationship between V m with J m and V OC with J SC . Therefore, with simple modification V m satisfies the relationship (14) where B is an empirical parameter. Explicitly, V m can be expressed as follows: (15) where productLog is a function related to a logarithmic solution, e.g., ProductLog (z) provides a solution for w in z = we w . Thus, the temperature dependence on the fill factor satisfies (16) where
Through these relationships, the temperature dependence of the efficiency can be expressed by formula: (17) 3. CONFIRMATION WITH EXPERIMENTAL DATA In this section, the model proposed is compared with experiment data from [18] and [15] . In the beginning, the model and the experimental results were compared with regard to the relation between temperature to V OC value that has been done by Tobnaghi et al. (2013) using monocrystalline silicon solar cells. Since there is no analytic expression of temperature dependence of J SC , in Fig. 3 we obtain the expression through linear fitting method: J SC = 33.7491 + 0.00083 T and 0.00083
Fig . 3 . Linear fitting of the relationship between Jsc and the temperature on the solar cell in [18] .
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The relation between E g (0), average phonon energy, and electron-phonon coupling parameters of silicon and GaAs are shown in Table 1 . The changes in performance parameters: J SC , V OC , V m , FF, and efficiency are reported in Fig. 4 . Using Eq. (10) along with the J SC expression and the bandgap energy parameter data from silicon, the comparison between the model and the experimental results is shown in Fig. 4(a) . It is clear that the proposed model, which has the V OC properties inversely proportional to the temperature, is acceptable because the model can provide a small variance and almost similar to all experimental data. This result is also obtained by parameters fitting solar cells in [18] , which are C = 2476.23 mA cm -2 K 3 , A = 0.2145, and m = 0.3545. Thus, it can be stated that the quality of solar cell was low according to its m parameter. The comparison of V m values as in Eq. (15) with the experimental results is shown in Fig. 4(b) . The expression of J 0 is determined by Eq. (9) . Through the fitting data obtained value B = 0.1766 for solar cells in [18] . Furthermore, in Fig. 4(c) it appears that the expression of the FF formulation in Eq. (13) is sufficient in accordance with the experimental results. The constant values of F and G are 1.924 and 2.304, respectively. It is clear that in the temperature range from 288 K to 323 K the value of FF is inversely proportional to the temperature. Thus, based on these performance parameters, it is clear that the efficiency of the solar cell will also be inversely proportional to the temperature as shown in Fig. 4(d) . The efficiency of a solar cell will decrease with increasing temperature. Thus, based on the suitability of all models of solar cell performance parameters on the experimental results it can be stated that the model we proposed has high accuracy to describe the dependence of solar cell performance on temperature changes.
Apart from the above four parameters, we also verify the temperature dependence of Voc on the experimental results of Si and GaAs solar cells in [15] . Based on the experimental data in [15] , Table 1 
CONCLUSIONS
Through expression of bandgap relationship with temperature involving, electron-phonon coupling interaction can be shown that the higher temperature will decrease solar cell performance parameters such as: V OC , V m , FF, and the efficiency. The models with the electron-phonon interaction correction are quite accurate. The experimental values of V OC , V m , FF, efficiency and temperature dependence of V OC are almost similar to the proposed model.
